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Abstract 
This paper presents the development of a dynamic model of an electric vehicle with motors in all four wheels. The detailed model, 
is been developed in ADAMS® platform. It has 14 degrees of freedom and in it are included all elements of the actual vehicle such 
as coil springs, telescopic shock absorbers and pneumatic wheels. The model has been validated experimentally in the actual 
vehicle, showing the goodness of fit. This dynamic simulator will serve as a test bed for improving vehicle and driver pretesting 
traction and stability. 
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1. INTRODUTION 
Since the invention of the automobile, vehicles with internal combustion (IC) engines have so far dominated the 
market. Although there have been alternatives, they have never been comparable in quality, performance and price. 
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However, in recent years a number of factors such as rising fuel prices and greater environmental awareness are 
leading to a new consumer mindset, and consequently there is a growing interest in Electric vehicles (EVs). 
Major limitation of EVs is autonomy, it has been overcome by the advancement in battery technology (Li-Po, Li-
ion,etc.) and their ability to combine with other sources such as super capacitors or fuel cells (C. Bordons, et al., 2010; 
D. Marcos, C. Bordons, M.A. Ridao, 2010).  
Therefore, the power source and its management has become the main line of research for EVs, be they pure electric 
or hybrid. Also the use of electric motors instead of IC engines opens a series of possibilities in controlling the vehicle 
so far unpublished. Among other advantages, unlike IC engines, electric motors do not need to run at a minimum 
speed, i.e., idling. Therefore, better speed control can be achieved and also it power is consumed under stop and go 
road conditions.  
IC engines, have a single motor, which, through a series of mechanical devices, applies the torque to either the front 
or rear or shared by all the four wheels, depending on the type of the drive (P. Luque, D.A. Mántaras, C. Vera, 2004). 
On the other hand, the simplicity of the electric motors, allows the designer to use several of them on one vehicle, 
using one for each wheel. In this way one can control the torque transferred by each axis, thereby, achieving better 
dynamic performance of the vehicle, both in normal driving when it is acting as a differential and under emergency 
situations for traction control device, vehicle stability, etc. (H. Qian, et al., 2010; J. Gutiérrez, et al., 2011). This torque 
control strategy can also be combined with other actuators that optimize other parameters such as the camber angle, 
suspension stiffness (J. Edrén, 2011). 
In this paper we present the FOX vehicle, manufactured specifically as a test platform for analyzing drive power 
management along with torque control at each wheel. In turn, we present a dynamic model of the vehicle, essential 
for the development of various controllers. 
2. DESCRIPTION OF THE VEHICLE 
2.1. Vehicle     
    FOX vehicle is mounted on the chassis of a racing car Silver Car S2. The chassis is been slightly modified for the 
placement of the new devices (batteries, etc.). In addition, we have installed a second seat, and traditional suspension 
components have been replaced with custom-made in order to accommodate wheel motors. 
The fairing mounts is same as original model. The modified FOX vehicle is shown in Figure 1. The vehicle is powered 
by four brushless DC wheel motors of 7 kW each (Figure 2). Feeding thereof is from 6 battery modules LiFeMnPO4 
of 12.8 V-100 Ah connected in series. Among the set of batteries and four engines are two separate power converters. 
 
 
 
 
 
 
 
 
 
  
         Fig. 1. FOX vehicle                                                                          Fig. 2. In-wheel Motor 
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2.2. Sensors 
In order to set various parameters and for experimental validation of vehicle dynamic performance characteristics 
a set of sensors is required. These sensors measure the behavior of the vehicle, and some elements in particular. It is 
also desirable to measure the slogans of the driver, because that is used as an input in the model in order to predict the 
behavior of the vehicle. Also it is necessary to measure the accelerator pedal position, because, being an electric 
vehicle, this signal, processed, will be sent to the motor controllers. 
 
2.2.1 Vehicle Behavior Sensors 
    The vehicle is been equipped with a number of sensors. On one hand, they provide information about the state of 
internal variables and on the other, they give information pertaining to the driver's actions. 
Some of the sensors used under this category are as follows: 
a) Suspension stroke Sensor : 
    These are placed in parallel with the dampers, thereby measuring the compression of the same at all times. In this 
way we can estimate the vertical force at each wheel, essential for modeling efforts on the wheels. 
 
Features: 
- Type of measurement: voltage divider                                                     - Nominal resistance: 1kȍ (front), 6kȍ (rear) 
- Actuation force: 2.45 N (horizontal)                                                      - Range: up to 150 mm 
- Maximum working speed: 1 m / s (front), 10 m / s (rear) 
 
b)  Inertial Measurement Unit (IMU) : 
 
    The IMU used is model 3DM-GX3-35. It is manufactured Microstrain® sensing systems. It is been used to measure 
the linear and angular accelerations along all the three axes, as well as the magnetic field. The module is also equipped 
with a GPS receiver, which enables to measure vehicle position. 
 
Features: 
- Ranges: (i) Accelerometer, ± 5g, Gyros, ± 300 ° / s;     (ii) Magnetometer, ± 2.5 Gauss;       (iii) GPS, ± 4g, 500 m/s 
- Alignment error, ± 0.05 degrees            - Precision GPS (speed) 0.1 m/s 
 
                        
  
            Fig. 3. Suspension Stroke measurement sensor                                             Fig. 4. Inertial Measurement Unit-IMU 
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2.2.2 Signal Measurement Systems 
    Different sensors have been used to measure the accelerometer, brake pedal position, steering angle and suspension 
stroke respectively. They give output in terms of electrical signal which needs accurate measurement and amplification 
in order to use them for system control. Their characteristics are shown below, 
 
a) Accelerator Sensor:                                                                  b)  Steering Angle Sensor: 
 - Type: Potentiometer                                                                   - Type: Potentiometer       
 - Range: 0 to 5 Volts        - Range: 0 to 5 Volts 
 
      c)  Brake Pedal Sensor:                                d) Suspension Stroke Sensor: 
- Type: Potentiometer     - Type: LVDT 
- Nominal resistance: 5 k                  - Nominal Resistance: 10 k 
- Scope: 10mm                   - Accuracy: 0.034 % 
3. DEVELOPMENT OF COMPUTER SIMULATION MODEL OF VEHICLE DYNAMICS 
The mathematical model of the vehicle which is capable of simulating the dynamic behavior of the vehicle has 
been developed and implemented in ADAMS® (on-line reference). MSC ADAMS is a mechanical system dynamics 
simulation tool widely used by suspension designers in automotive industry. It is a virtual prototype software which 
includes various interfaces for modelling, equation solving, optimization, simulation and visualizing aids. It also 
enables user to import rigid body models from different CAD softwares and flexible bodies from packages like MSC 
Nastran (on-line reference). 
 
The CAD model of the FOX vehicle is been prepared using the SolidWorks software, from three-dimensional 
design of the chassis, provided by the manufacturer. It is been imported in ADAMS in order to get precise mounting 
locations of suspension hardpoints. The model used is shown below in Figure 5. The kinematic configuration of the 
model consists of a total of: 
• 40 Bodies 
• 15 Revolute joints  
• 16 Ball or Spherical joints 
• 3 Translational joints 
• 4 CV (Constant Velocity) joints 
• 13 Fixed joints 
The model has 14 degrees of freedom. 
 
              
Fig. 5. Full vehicle model developed in ADAMS® 
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The dynamic characterization modeling is characterized by various elements in the actual vehicle, such as coil 
springs, telescopic shock absorbers and pneumatic wheels. For the simulation of pneumatic wheels the behavior of 
the tires have been characterized by using the so-called Magic Formula Packeja shown in figure 6 (Tyre and Vehicle 
Dynamics, Butterworth-Heinemann, 2002). Identifying parameters have been obtained by adjusting the dynamic tire 
curves provided by the manufacturer, Avon (online reference). 
 
The suspension arms have been considered as rigid bodies and are connected to the trellis frame of the vehicle by 
means of spherical joints. Considering that due to the condition of the vehicle, there are no gaps and no additional 
friction is been present, so that the joints can be considered as ideal connections. 
 
The lateral direction control is done by a rack actuated by a linkage attached to the steering wheel. The steering 
subsystem along with various joinery is been shown below. 
   Fig. 6. Magic Formula Tyre model                                                                     Fig. 7. Front Steering subsystem modeled in ADAMS-Car 
 
The front suspension system (Figure 8) is a modeled as double arm per wheel mechanism, also called as the deformable 
parallelogram arrangement, with elastic elements (coil springs) and dissipative (telescopic hydraulic dampers) driven 
by a bi-articulated rods. The springs and dampers are considered linear in the normal working range and the adjustment 
process will determine static and dynamic static preloads the spring elements.  
 
 
                      Fig. 8. Front Suspension K&C test rig                                                         Fig. 9. Rear Suspension K&C test rig 
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The kinematic configuration of the rear suspension (Figure 9) comprises of two arms, hinged to the frame. The upper 
arm of each parallelogram is further connected to the suspension towers fixed to the frame by a spring-shock absorber 
assembly. The dynamic characteristics of the rear suspension assembly were initially unknown and have been 
determined in titration steps.  
 
To ensure fidelity of the mathematical model and to predict the dynamic response of the vehicle accurately, we have 
modelled the occupants in the driver and passenger seats, with corresponding mass and inertial properties. For the 
purpose of simulation the model inputs are classified under two categories, namely, kinematic control and vehicle 
dynamics control.  
 
Vehicle kinematics is controlled essentially by the steering. Control is imposed by the movement of the steering wheel 
by the driver. Vehicle dynamics control with regards to the longitudinal dynamics (traction / braking) is regulated by 
the torque pair at each of the wheels. In real-time control function to be implemented in the vehicle, equal sharing of 
torque on all four wheels has been chosen. To impose the pair PID controller is been implemented. In the control logic 
values of longitudinal speed and acceleration are entered and are thereby controlled by tuning the proportion, integral 
and derivative control gains. 
 
4.  EXPERIMENTAL TESTING AND VALIDATION 
To validate the model implemented in ADAMS, there is a pilot program based on the performance of static and 
dynamic tests with the actual vehicle. The completion of the experimental program involves the use of various 
instrumentation described in Section 2.2. 
 
    The experimental program is based on the realization of two kinds of tests: 
 
1. Static Tests:  
 
By the application of fillers and/or controlled displacements information is been obtained for setting various 
parameters of the simulation model. The tests performed under this category are: 
a) Wheel weight distribution and center of gravity positioning 
b) Starting position in running order (height, pitch and roll) of vehicle 
c) Coil spring preloads 
d) Gear ratio steering system. 
e) Equivalent stiffness wheel suspension. 
 
In order to perform static tests half car suspension models have been developed in ADAMS-Car. The tests 
indicated above have been performed by static equilibrium test. The front and rear suspension half car models along 
with the Kinematics and Compliance test rig is shown in Figure 8 and 9 respectively. 
 
2. Dynamic Tests:   
 
The dynamic testing with the instrumented vehicle, allowed us to gather information that is used further for 
the adjustment and validation of the model developed. Tests conducted under this category are as follows: 
a) Acceleration in straight and curved 
b) Braking in straight and curved 
c) Slalom 
d) Circular curves with constant speed/increasing (CRC: Constant radius cornering) 
e) Trajectories combined 
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The figure below shows a simulation of combined maneuver trajectories. It consists of various individual events 
combined together like braking, CRC, slalom, etc.  
Fig. 10. Combined Maneuver test (simulation) 
    After final adjustment of the mathematical model, it has been found that it adequately reproduces most of the 
representative variables of the vehicular movement (trajectory, velocity and acceleration) as well as the dynamic 
response of significant elements such as the suspension, steering and tires. The figure below shows the experimental 
correlation between simulated and actual speed response for the combined maneuver test.  
 
 
Figure 11. Validating simulation speed versus actual test (reference) for the combined maneuver test 
 
5.  CONCLUSIONS AND FUTURE LINES OF WORK 
5.1. Conclusions 
We have developed a dynamic model of an electric vehicle with four-wheel motors in ADAMS® platform. The 
model included all the elements of the actual vehicle such as coil springs, telescopic shock absorbers and pneumatic 
wheels. The model has been validated experimentally in the actual vehicle, showing the goodness of fit. It has also 
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been tested by a detailed dynamic simulator that can also be used as a test bed for improving vehicle traction and 
stability and for driver pretesting. 
5.2. Future Work 
The ADAMS model would be linked with the Matlab-Simulink environment. The goal would be to perform a co-
simulation between the two interfaces. As the control system architecture is been designed and developed in Simulink 
and the vehicle mathematical model is in ADAMS, both of these will communicate with each other to achieve real-
time vehicle control. Currently equal drive is been given on all the four wheels, we will explore to develop different 
drives on all the four wheels by torque vectoring approach. Time would also be invested in designing these controllers 
by taking into account various criterion, such as energy efficiency, safety and performance. Additional models will 
add the power devices so that they can model different power management strategies. Finally these algorithms will be 
used in the FOX vehicle. 
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